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Featured Application: A challenging issue for humankind is the understanding of the future
biota state within the context of global change (anthropogenic CO2 emissions, global warm-
ing, ocean acidification, eutrophication, anoxia). Studies on modern biomaterials reveal that the
climate-induced environmental stress is affecting the stability of ecosystems. However, modern
analyses are limited to decades/historical times whereas the paleontological record can recon-
struct the impact of past global climate analogues on a thousand/hundreds/million-year perspec-
tive. This work fits the goal to deciphering how marine calcareous nannofossils, benthic and
planktic foraminifera, unicellular algae and protozoan, reacted to the global warming known as
Middle Eocene Climatic Optimum (MECO), centered at ~40 Ma ago and lasting ~500–600 kyr.
Our detailed integrated reconstruction from the Neo-Tethyan geological setting (eastern Turkey)
with thousand years’ resolution (~100 m/My) reveals that the MECO warming peak induced
marked water eutrophication, reduction in oxygen availability at the sea floor and carbonate
dissolution. Part of the analyzed marine biota proved to be resilient to the MECO perturba-
tion through marked modifications within assemblages whereas the most specialized planktic
foraminifera declined permanently their abundance permanently. Biota and environment only
partially recovered the pre-event conditions after the MECO warming peak. Our study, record-
ing transient and permanent changes, allows to understand how paleoenvironment and marine
biota reacted to the global MECO perturbation.

Abstract: The Middle Eocene Climatic Optimum (MECO; ~40 Ma), which interrupted for ~500–600 kyr
the long-term cooling trend culminating at the Eocene/Oligocene boundary, still requires a com-
prehensive understanding of the biotic resilience. Here we present a high-resolution integrated
foraminiferal and calcareous nannofossil study across the MECO from the expanded and continuous
Tethyan Baskil section (eastern Turkey) that offers a complete magneto-biostratigraphic and geochem-
ical framework. The five MECO phases identified reveal a transition from oligotrophic (pre-MECO)
to eu-mesotrophic conditions, possibly related to accelerated hydrological cycle, during the initial
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MECO and MECO δ13C negative excursion phases. The MECO WARMING PEAK phase, marking the
highest carbonate dissolution interval, records the most striking biotic changes, such as peak in warm
and eutrophic nannofossils, virtual disappearance of the oligotrophic planktic foraminiferal large
Acarinina and Morozovelloides, and peak in eutrophic deep dwellers Subbotina. Benthic foraminifera
suggest in this phase an improvement in the quality of organic matter to the seafloor. The post-MECO
phase shows only a partial recovery of the pre-event conditions. Large Acarinina and Morozovelloides
did not recover their abundance, possibly due to cooler conditions in this phase. Our reconstruction
reveals how paleoenvironment and marine biota from the studied Neo-Tethyan setting reacted to the
MECO perturbations.

Keywords: planktic foraminifera; benthic foraminifera; calcareous nannofossils; middle eocene
climatic optimum; Neo-Tethys; biota resilience; warming event analogues

1. Introduction

The middle Eocene climatic optimum (MECO) is still an enigmatic global warm-
ing event, which occurred at about 40 Ma and lasted ~500–600 kyrs, that temporarily
interrupted the long-term cooling trend initiated at the end of the early Eocene climate
optimum (EECO, ~49 Ma) (e.g., [1–4]). The MECO was first recognized by ~1% negative
oxygen isotope excursion in bulk carbonate and benthic foraminiferal tests in Southern
Ocean cores [5], and subsequently identified in the Atlantic Ocean, and central western
Tethys [1,6–10]. Bulk carbonate oxygen isotope records indicate ~4–6 ◦C warming (assum-
ing ice-free conditions), with a gradual onset and brief peak temperatures, followed by a
rapid return to pre-event conditions [1]. The MECO has been described as a global carbon
cycle perturbation [11], but the lack of a carbon isotope excursion (CIE) contemporane-
ous with warming and the duration of the climate anomaly suggest that the event was
more complex than the earlier Paleogene hyperthermals [12]. There is no evidence for a
sudden release of isotopically light carbon within the MECO warming phase, as for the
hyperthermal events. Marine carbonate δ13C records show considerable geographic and
bathymetric variability but are commonly characterized by rising rather than declining
δ13C values during the initial gradual warming [1,5,9,13]. A transient ~0.5‰ negative CIE
(~50 kyr) during the warming peak occurs at some but not all sites [1,3,7–9]. Dissolution in
carbonate during the MECO has been recorded in deep-sea records and linked to a tem-
porary rise of the CCD/lysocline due to the amplified contribution of CO2 (e.g., [1]). The
degree and nature of the global carbon cycle disturbance during peak MECO as reflected
in the available δ13C records appear complex [12], and regional carbon cycle influences
were likely important. To explain the timing and pattern of warming and δ13C values,
Bohaty et al. [1] hypothesized the enhanced degassing of relatively 13C-enriched CO2 from
magmatic sources (i.e., volcanism) or metamorphic decarbonation in orogenic belts as the
cause of the event. Indeed, an early stage of Ethiopian flood basalt activity might have
occurred between 45 and 35 Ma [14], and the “Mid-Tertiary Ignimbrite Flare-Up” in Mexico
started around 40–38 Ma [15].

An intriguing feature of the MECO is its abrupt termination. Different mechanisms
may have acted to culminate this perturbation. Enhanced silicate weathering may have led
to an initial temperature drop when CO2 degassing stopped, and derived cooling could
have promoted recovery of the organic carbon burial flux, accelerating the sequestration of
the excess of carbon e.g., [16]. In marginal continental basins, eutrophication and deposition
of organic-rich sediments are commonly associated with MECO warming and the period
directly afterward [8,17]. An increase in organic carbon burial after the MECO might
have been efficient negative feedback to lower CO2 levels, deepening the CCD [1,8] and
leading to the abrupt increase in carbonate δ13C values above the MECO peak warming
interval [1,6–8,10].
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Even though the MECO is attracting high attention by the scientific community,
studies on the paleoenvironmental changes and paleobiotic effects across the MECO are still
limited. As for planktic foraminifera, this event led to a significant crisis in the abundance
of muricate planktic foraminifera (large acarininids and Morozovelloides [18–20]) from the
MECO peak and temporary loss of photosymbionts (bleaching) in Acarinina [20], possibly
caused by the warming itself. Integrated studies of various microfossil and geochemical
proxies in a western Tethys section deposited at middle-bathyal paleodepth [8,9,18,19,21]
record higher export productivity during the MECO peak and directly afterward. However,
there is clear evidence for substantial geographic differences in oceanic productivity during
the event. Increased productivity is suggested by an increase of siliceous components and
changes in calcareous nannofossils at a number of sites such as Site 1051 (NW Atlantic), Site
738 (Kerguelen Plateau), Sites 748 (Southern Ocean) and 749 (Indian Ocean sector) [22–26].
In contrast, low productivity is recorded at ODP Site 1172 (southern high latitude), Site 702
(subpolar South Atlantic) and equatorial Pacific sites [11,27–31].

To improve the understanding of the MECO impact on the biotic communities, we here
present the high-resolution quantitative changes within planktic and benthic foraminiferal
and calcareous nannofossil assemblages from the Baskil section (eastern Turkey, Neo-
Tethys) (Figure 1). The sedimentary record of the section offers a solid magneto- and
biostratigraphy besides mineralogic and stable isotope curves (Figure 2) that allow us
a reliable framework with thousands of years’ resolution (~100 m/My) of the MECO
interval [3,32,33]. Indeed, the stratigraphic continuity, and the very high sedimentation rate
(i.e., 40.3–90.7 m/Myr, [33]) make this section ideal for high-resolution paleoenvironmental
reconstructions. Our results allow us to outline a paleoceanographic scenario of this critical
warming interval from a crucial Neo-Tethys setting in a key geographic position between
the Tethys and the Indian Oceans.
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Figure 1. (a) Geographic maps showing the location of the studied area. The base of the terrain map
is from Google Maps (Map data©2019 Google; https://www.google.com/maps/@38.6360375,38.927
7941,10z, accessed on 26 November 2021, the satellite map of Turkey at the top right corner is from
Google Earth (Map data©2018 Google; https://www.google.com/maps/); the globe at the top left
corner was made using Python 3.4.3-0 with Matplotlib59. (b) Paleogeographic reconstruction of the
eastern part of the Neo-Tethys at ~40 Ma, showing the paleogeographic location of the studied area
(generated with the ODSN Plate Tectonic Reconstruction Service, 2011; http://www.odsn.de/odsn/
services/paleomap/paleomap.html, accessed on 26 November 2021). Modified from [3].

https://www.google.com/maps/@38.6360375,38.9277941,10z
https://www.google.com/maps/@38.6360375,38.9277941,10z
https://www.google.com/maps/
http://www.odsn.de/odsn/services/paleomap/paleomap.html
http://www.odsn.de/odsn/services/paleomap/paleomap.html
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Figure 2. Magnetobiostratigraphy, lithological log, and stable isotopes curves of the Baskil section from [3,33]. Calcareous
nannofossil zones and subzones after [34] (listed as NP), [35] (listed as CP), [36] (listed as MNP), and [37] (listed as CNE).
Planktic foraminiferal zones are after [38] (listed as E). Larger benthic foraminiferal zones and subzones are after [39,40].
Carbon (δ13C) and oxygen (δ18O) isotopes are shown for three individual genera of foraminifera, representing surface
(Acarinina), thermocline (Subbotina) and bottom (Cibicidoides) conditions. Diamonds represent individual data points,
whereas solid lines represent curves smoothed by three-point-moving average. The record of elements, bulk mineralogy
and clay minerals is from [32]. The colored bands highlight the five identified phases.

2. Geological Setting, Lithology and Bio-Magnetostratigraphic Framework

The Baskil section outcrops in eastern Turkey, at ca. 19.8 km NW of the town of Baskil
(38◦36′30.34′′ N, 38◦36′03.46′′ E) (Figure 1). This section is part of the Kırkgeçit Formation
in the Elazığ Basin and was deposited at a paleo-water depth of ~300–600 m [33]. The
total thickness of the section is 385 m and covers the upper part of the Lutetian up to
the lowermost part of the Bartonian [33]. The present study considers the interval from
120 to 200 m that encompasses the MECO event [3,33]. This interval consists of massive
hemipelagic marlstone beds, containing calcareous plankton and benthic foraminifera,
intercalated with calcarenite beds 15 cm to 1 m thick, representing a mixture of siliciclastic
grains and bioclasts and including several large benthic foraminifera (LBF) [41,42]. Seven
of these turbidites are recorded in the analyzed interval and allowed to define the Shallow
Benthic Zones (Figure 2). The hemipelagic sedimentary rocks are interpreted to have been
deposited in a back-arc basin on continental crust [43]. Within the Kırkgeçit Formation, the
Baskil section has not been deformed and does not show alteration despite the regionally
active tectonic regime.

High-resolution integrated magneto- and biostratigraphy provides a detailed age
model for the Baskil section due to the continuous, undisturbed, and undeformed sedimen-
tary record [33]. Paleomagnetic analyses resulted in twelve magnetozones that were corre-
lated to the geomagnetic polarity timescale (GPTS) of [44]. The interval here investigated
span from middle C19r to the lowermost part of C18n.1n (Figure 2). Giorgioni et al. [3]
published oxygen and carbon stable isotopes on benthic (Cibicidoides) and planktic (Acarin-
ina and Subbotina) foraminifera that well constrain the MECO isotopic signatures (Figure 2).
In addition, detailed mineralogic data to unravel climate changes have been provided by
Rego et al. [32] (Figure 2).

Fossil assemblages [32,33,42] show that the Baskil section cover the top of NP15 to the
base of NP18 of calcareous nannofossil zonation of Martini [34]; CP14a to CP15 zonation of
Okada and Bukry [35]; MNP16A to MNP18B of Fornaciari et al. [36]; CNE13 to CN18 of
Agnini et al. [37]; SBZ16/17-SBZ18A of Less and Ozcan [40]. Planktic foraminifera assem-
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blages indicate that the section spans the (undifferentiated) E10/E11 to E14 biozonations
of Wade et al. [38]. These data were used to integrate the age model calculated from the
magnetostratigraphy. The Baskil section displays one of the best-preserved records of
the MECO event [3]. It yielded δ18O and δ13C values from different foraminiferal genera
representing the bottom, thermocline, and surface environments, which show that the
MECO perturbation was recorded at all depths (Figure 2). The isotope curves correlate
well with those recorded in other oceanic basins, despite the generally lower values that
may be attributed to the local conditions of the Baskil setting [3]. The most peculiar fea-
ture is a prominent negative CIE occurring at the onset of the MECO, which cannot be
clearly correlated with other records and was attributed to a phase of high carbon cycle
instability [3].

3. Materials and Methods
3.1. Field Sampling

A total of sixty-three bulk rock samples were collected at ~120 cm stratigraphic
resolution from the 125–201 m interval at Baskil section, corresponding to a temporal
spacing of ~13.5 kyr between samples. Planktic and benthic foraminifera were successfully
extracted from the indurate marly limestones and limestones using the cold-acetolyse
technique [45]. This technique enabled the extraction of generally easily identifiable
foraminifera. The obtained residues were then analyzed with a binocular stereomicroscope
to pick planktic and benthic foraminifera.

3.2. Benthic Foraminifera and Dissolution Proxies

The quantitative analysis of benthic foraminifera was performed on 63 samples.
A representative split of the 125 µm fraction was used to pick benthic foraminiferal spec-
imens. At least 300 specimens, where possible, were picked. Benthic foraminiferal taxa
were mainly identified following the generic classification of Loeblich and Tappan [46], and
other widely adopted Atlas and papers for classification at the specific level [9,47–53]. The
planktonic to benthic (P/B) ratio calculated as P/(P + B) × 100 expressed as percentages
of planktonic foraminifera in the total foraminiferal assemblage and the agglutinated–
calcareous (C/A) ratio expressed as C/(A + C) × 100 were also calculated. Additionally,
the percentages of bi-triserial morphogroups and the epifaunal to infaunal (E/I) ratio calcu-
lated as E/(E + I) × 100 were also calculated. Taxa were allocated to infaunal and epifaunal
morphogroups, largely following [54–59]. Several benthic foraminiferal assemblage’s pa-
rameters, namely species richness (S), Fisher α index, Shannon index (H’), dominance
(D), evenness (J), and equitability (E) were calculated using the PAST—Palaeontological
Statistics data analysis package (Hammer et al., 2001). Following [60], the fragmentation
index (FI) was calculated to estimate carbonate dissolution effects.

3.3. Planktic Foraminifera

Planktic foraminifera were studied on 53 samples. A sampling interval of ~2–3 m was
adopted below and above the MECO interval whereas a spacing of 1 m was used across
the MECO.

The relative abundance of genera was counted on a population of ~300 specimens
in the ≥63 µm size fraction on representative splits of washed residues and expressed in
percentage. Foraminiferal taxonomy adopted in this study follows Pearson et al. [61]. We
distinguished the forms belonging to genus Acarinina with well-developed muricae and test
size >125 µm as ‘large acarininids’, from the “small acarininids” (medium size <125 µm).
This separation derives from the diverse record exhibited by these two groups in the
Tethyan section of northern Italy [18,19]. We separated the species Subbotina senni from
the other subbotinids because this taxon occupied a different habitat with respect to the
other subbotinids that are known as thermocline dwellers. Specifically, this species is
considered a mixed-layer form that sank to middle mixed-layer or deeper depths during
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gametogenesis differently form the other species belonging to the genus Subbotina [61,62]
and references therein.

3.4. Calcareous Nannofossils

Forty samples were prepared as smear slides from unprocessed material following
standard procedures [63] and examined using a light microscope at 1250× magnifica-
tion. Relative abundances of species were determined adopting quantitative and semi-
quantitative counting methods. Species were counted on 300 specimens of nannofossils in
a variable number of visual fields; index species of Sphenolithus were counted in a prefixed
number of taxonomical related forms (usually 100). Specimens of less frequent taxa were
counted on a fixed area of each slide, corresponding to 6 mm2.

3.5. Statistical Analyses

Taxa belonging to benthic foraminifera, planktic foraminifera and calcareous nanno-
fossils were independently analysed by using a constrained hierarchical clustering analysis
(HCA), after a square root transformation of relative species abundances. A similarity
tree was produced using the Euclidian distance. Coniss [64] was used as the clustering
method. A detrended correspondence analysis (DCA), an ordination method that arranges
samples and species along gradients, was carried out on the taxa relative abundances. It
arranges samples that are more similar in taxa composition closer together. DCA uses the
variation in taxa composition between the samples to determine the underlying gradients
influencing the data. The basic assumption of this method is that the most important
environmental gradient causes the largest variation in the taxa composition [65,66]. By
means of a two-way weighted averaging algorithm, the direction of this variation was
calculated and represented as the first DCA axis [67,68]. We used two packages from the
R software [69]: Rioja was adopted for construction of diagrams with timescale [70] and
Vegan [71] was used for the HCA and DCA.

4. Results
4.1. Benthic Foraminifera and Dissolution Proxies

All samples except T161 (barren) contained benthic foraminiferal specimens. Addi-
tionally, samples T137, T168.1, T169, and T197 showed a limited number of specimens and
were therefore discarded from statistical analyses. Benthic foraminiferal assemblages are
commonly highly diversified and well preserved throughout the studied interval, though
the preservation state in the 160–180 m interval is lower.

The FI (17.5, on average) ranged from 9 to 31% with the relatively higher values in the
interval spanning 167 to 174 m (Figure 3). The P/B ratio (81%, on average) varied from
25 to 94.5%. Relatively lower P/B values were found in the interval between 168 and 173 m
(Figure 3, Table S1). Specie richness (55.8, on average) varied from 30 to 83 with relatively
lower values in the 163–174 m interval (Figure 3, Table S1). Similarly, H’ (3.46, on average)
and the Fischer α index (64.4, on average) approximately exhibited lower values in the
same interval (Figure 3, Table S1).

A total of 200 benthic foraminiferal species belonging to 94 genera were recognized.
The most abundant genera (Table 1) were Anomalinoides, Bathysiphon, Bulimina, Cibicidoides,
Gyroidinoides, Lagena, Lenticulina, Nodosaria, Nuttallides, Oridorsalis, Osangularia, and Uvige-
rina. The most abundant species and their mean and maximum percentages are reported
in Table 1.

Calcareous taxa representing, on average, 76.9% of the benthic foraminiferal assem-
blages largely dominated the assemblages. The C/A ratio ranged from 50.4 to 90.9% with
lower values in correspondence of the interval spanning 168 to 172 m (Figure 3, Table S1).
The assemblages were dominated infaunal taxa. The E/I ratio averaging 31.4% varied from
13.6 to 65.5% (Figure 3, Table S1). The highest values of E/I were found in the 168–172 m
interval (Figure 3, Table S1).
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Figure 3. Indices of carbonate dissolution and benthic foraminiferal assemblage’s parameters from the Baskil section.
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Table 1. Most abundant benthic foraminiferal genera and species from the Baskil section.

Most Abundant Genera Most Abundant Species Average (%) Maximum (%)

Anomalinoides Anomalinoides alazanensis
Anomalinoides spissiformis

1.5
2.0

16.5
6.9

Asterigerina fimbriata 2.6 25.4
Bathysiphon Bathysiphon sp. 3.7 34.3

Bulimina
Cibicidoides Cibicidoides hadjibulakensis 5.0 17.2

Eponides plummerae 3.2 13.2
Gaudryina sp. 2.8 10.7

Glomospira charoides 1.8 10
Gyroidinoides Gyroidinoides complanatus 1.8 3.8

Hanzawaia ammophila 2.7 12.4
Lagena Lagena sp. 1.5 7.7

Laevidentalina gracilis 1.9 6.6

Lenticulina Lenticulina cultrate
Lenticulina turbinata

2.8
1.6

10.7
6.0

Nodosaria Nodosaria longiscata 2.1 17.3
Nuttallides Nuttallides truempyi 5.0 17.1
Oridorsalis Oridorsalis umbonatus 3.5 15.8

Osangularia Osangularia plummearae 2.1 22.7
Uvigerina Uvigerina rippensis 3.1 18.3

The 155–172 m interval revealed the highest percentages of bi-triserial forms (Figure 4).
The relative abundance of Bulimina cumulative showed some fluctuations with the lowest
values in the 171.2–178 m and 185–191 m intervals (Figure 4, Table S1). Bulimina alazanen-
sis sporadically occurred in some samples, mostly within 166–168 m interval (Figure 4,
Table S1). The 164–171 m and 181–185.5 m intervals were characterized by higher rela-
tive abundance of Uvigerina cumulative (Figure 4, Table S1). The relative abundance of
Cibicidoides exhibited a clear increase trend from the base of the studied interval up to
175 m, then showed relatively low values from 175 to 195 m (Figure 4, Table S1). The
interval from 167 to 174 m was characterized by peaks in abundance of Globobulimina
(Figure 4, Table S1). Oridorsalis umbonatus was substantially absent in the lower part of
the studied interval but increased in its abundance from 166 m and, particularly in the
173–181 m interval (Figure 4, Table S1). The cumulative abundance of Nuttalides exhibited
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a significant decrease from the lowermost part of the studied interval up to 162 m; then it
showed a marked increase from 171 to 181 m (Figure 4, Table S1). The relative abundance
of Lenticulina cumulative displayed a marked increase from 165 to 171 m and from 186.5 to
188 m intervals (Figure 4, Table S1). Glomospira charoides only occurred in the lowermost
part of the studied interval up to 163 m; two major peaks of its abundance were found
within 144–150 m and 157–159 m intervals (Figure 4, Table S1).
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Figure 4. Benthic foraminiferal relative abundance of selected genera and species. The main ecological preferences are also
indicated (see text for explanations). Magneto-biostratigraphy and lithostratigraphy as in Figure 2.

4.2. Planktic Foraminifera

Planktic foraminiferal assemblages are generally well diversified and recognizable,
with the exception of a few samples that show evidence of dissolution (i.e., high tests
fragmentation) corresponding to the negative δ13C and δ18O peak (Figure 2).

The most abundant genus was Subbotina that recorded a mean abundance of ~47.2%
(Figure 5, Table S2). This genus displayed slight increase from a mean abundance of
~39.2% to ~55.5% from sample T162 up to top section. The large Acarinina showed a mean
abundance of ~25.7% in the lower part of the section up to the earlier part of the MECO
interval then it permanently decreased to less than ~4% (Figure 5). The genus Morozovel-
loides displayed a similar trend. In fact, it decreased from mean value in abundance of
~8.1% to ~1.2% from sample T170 (Figure 5, Table S2). The genus Globigerinatheka was
relatively abundant throughout (mean value ~18%). Its percentages showed fluctuations
with an increase in abundance from the MECO interval (Figure 5, Table S2). The genera
Parasubbotina, Catapsydrax, Globorotaloides and the species Subbotina senni were less abun-
dant throughout the investigated interval as they recorded percentages rarely exceeding
10%. Specifically, Catapsydrax, and Globorotaloides exhibited a slight decrease within the
MECO moving from mean values in abundance of ~6% to ~4.5% and from ~1.5% to ~0.4%,
respectively (Figure 5, Table S2). These genera increased after the MECO up to ~5.6% and
~3.6%. An increase in abundance after the MECO was also recorded by S. senni that shifted
from mean value of ~1.2% to ~4.4% (Figure 5, Table S2). The genus Hantkenina displayed
mean percentages of ~1% from the base up to sample T165 and became substantially absent
in the upper part of the examined section. A decreasing trend in abundance was recorded
also from Turborotalia (e.g., T. ‘cerroazulensis’ group) that moved from a mean value of ~4.6%
to ~1.5% from sample T165, although it showed peaks in abundance in the MECO interval.
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Finally, the small Acarinina, Planorotalites, Pseudohastigerina, Chiloguembelina and the
species Turborotalita carcoselleensis were rare to very rare and/or only sporadically occurring
(Figure 5, Table S2). The zonal marker Orbulinoides beckmanni is also very rare as it proved
to be included within the statistical population only in a few samples with very low
percentages (0.3–0.5%).
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Figure 5. Relative abundance of middle Eocene planktic foraminiferal genera and selected species form the Baskil section.
The main ecological preferences are also indicated (see text for explanations). Magneto-biostratigraphy and lithostratigraphy
as in Figure 2.

4.3. Calcareous Nannofossils

Calcareous nannofossils are common to abundant and show good preservation in
almost all the samples. Results of the quantitative analysis are presented in Figure 6 and
Table S3. The assemblages are dominated by placoliths that account for nearly 80% in
some samples, among these the most represented genera are Coccolithus, Cribrocentrum,
Cyclicargolithus, Dictyococcites and Reticulofenestra. Other prominent genera are Sphenolithus
and Discoaster, while Chiasmolithus and Helicosphaera are less frequent. The Coccolithaceae
are mainly represented by the genera Coccolithus, Chiasmolithus and Ericsonia. The genus
Coccolithus consists of C. pelagicus and C. eopelagicus. The abundance record of the group
shows a slight increasing trend during the MECO and a peak of abundance in the post-
MECO (>25%). The genus Chiasmolithus is represented by the species C. grandis and C.
solitus, it occurs continuously showing a decreasing trend in the lower part of the MECO
and an increasing trend in the upper part of the MECO just above the worming peak.
Ericsonia formosa is continuously present showing rising abundances (up to 18%) in the
upper part of the interval studied.
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Figure 6. Abundances of middle Eocene planktic calcareous nannofossils genera and selected species from the Baskil section.
The main ecological preferences are also indicated (see text for explanations). Magneto-biostratigraphy and lithostratigraphy
as in Figure 2.

The Noelaerhabdaceae are represented by the genera Cribrocentrum, Cyclicargolithus,
Dictyococcites and Reticulofenestra. Cribrocentrum shows increasing abundances in the mid-
dle part of the MECO. The genus Dictyococcites is represented by the species D. bisectus
and D. scrippsae. Dictyococcites bisectus firstly occurs in the lower part of the MECO, while
Dictyococcites scrippsae shows an abrupt variation in abundance (from <1% to >10%) in
the lower part of the MECO, later on it shows wider numerical changes. The genus Retic-
ulofenestra comprises R. daviesii, R. dictyoda (specimens with length between 5 and 14 µm)
and R. umbilicus (specimens with length > 14 µm). Both R. dictyoda and R. umbilicus show
a peak of abundance in the lower part of the MECO (up to >6% and >16% respectively),
followed by a decreasing trend in the upper part of the MECO. Reticulofenestra daviesii is
very rare, sporadic, and not significant.

The genus Discoaster is represented by D. barbadiensis, D. deflandrei, D. nodifer,
D. saipanensis, D. tani and by specimens of rayed stellate discoasters with prominent lateral
nodes. Overall, the genus exhibits a clear increasing trend from below the onset of the
MECO up to the post-MECO, but highly fluctuating values are also observed.

The genus Sphenolithus is represented by the species S. furcatolithoides, S. moriformis,
S. obtusus, S. predistentus, S. radians and S. spiniger. The genus shows a significant de-
creasing trend in the lower part of the MECO followed by a rise in the upper part.
Sphenolithus furcatolithoides disappears above the onset of the MECO, while S. spiniger
shows higher abundances starting from below the MECO, and a drastic decreasing in the
uppermost part of the MECO followed by its disappearance in the post- MECO interval.

The genus Helicosphaera is represented by the species H. compacta, H. euphratis, H. lophota,
H. papillata, H. salebrosa, H. seminulum and H. wilcoxonii. The genus exhibits an increasing
trend from the lower part of the MECO with a peak in abundance in its upper part.

The holococcoliths Lanternithus minutus and Zyghrablithus bijugatus show a rapid
increase at the onset of the MECO with a peak in abundance in the lowermost part (respec-
tively 17% and ~8%), followed by a drastic decrease in the upper part of the MECO and
persisting low abundances in the post-MECO interval.

5. Discussion

The changes recorded in the biotic assemblages from the Baskil section together with
the outcomes of statistical analysis (Table S4) and geochemical data allow us to identify
five different phases across the investigated interval in relation to the main stable isotope
shifts (Figure 7). Specifically, we recognize the following phases: pre-MECO, initial MECO,
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MECO CIE, MECO warming peak and post-MECO. The recognition of the environmental
changes within these phases takes in account the known ecological preferences of the taxa
identified, that we briefly summarize below.
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Figure 7. Changes in fertility, nutrients, temperature and carbonate dissolution as derived from the DCA analysis plotted
next to the carbon and oxygen stable isotope curves. The inferred paleoenvironmental scenario for each phase is discussed
in the text. Magneto-biostratigraphy and lithostratigraphy as in Figure 2.

5.1. Middle Eocene Benthic Foraminifera Paleoecology

Benthic foraminifera represent one of the most widely applied group of organisms
in paleoceanographical and paleoenvironmental reconstructions along the geological
record [73]. The investigation of the benthic foraminiferal record provides useful in-
formation on paleobathymetry, organic matter and oxygen availability at the seafloor [73].
Different investigations have focused on the response of benthic foraminiferal assem-
blages in terms of species and parameters across the MECO (e.g., [9,23,30,74–76]) and have
supported the usefulness of benthic foraminifera for paleoenvironmental reconstructions.

The investigation of the benthic foraminiferal assemblages, species and indices (i.e.,
E/I, bi-triserial and diversity indices) at Baskil section coupled with isotopic records pro-
vides evidence of the paleoenvironmental changes at the seafloor but also of the dissolution
intensity (i.e., P/B, C/A) across the MECO. The benthic foraminiferal assemblages are
highly diversified and substantially very well preserved except in the most acute phase
of the MECO. The inferred paleoecological preferences of benthic foraminiferal taxa are
mainly based on [9,23,74–76] and reference therein. The TROX model, a conceptual model
for the definition of benthic foraminiferal microhabitat, identifies oxygen level in eutrophic
environments and nutrient availability in oligotrophic among the most important parame-
ters controlling the benthic foraminiferal distribution [77]. The percentages of epifaunal
or infaunal specimens can provide useful clues on bottom-water oxygenation and nutri-
ent availability among others [78]. Increases in the FI values, benthic over planktonic
foraminiferal percentages and agglutinated over calcareous wall-type have been widely
used as proxies of dissolution (i.e., [10]).

The genus Nuttallides and the species N. truempyi and N. umbonifera [51] are considered
as epifaunal and oligotrophic indicator. Specifically, N. umbonifera and likely N. truempyi
are inferred to reflect low and non-seasonal food supply (i.e., [51] and reference therein).
In addition, Nuttallides truempyi has been also reported as intolerant to ocean acidification
with a preference for well oxygenated conditions (i.e., [23] and reference therein). The
Eocene Uvigerina spp. and Lenticulina spp. revealed to be tolerant to dysoxic-suboxic
conditions thriving in oxygen depleted environments (i.e., [75] and reference therein). High
abundances of bi-triserial taxa have been related to high and continuous nutrients’ supply
at the seafloor but also of less refractory nature (i.e., [9]). Oridorsalis umbonatus has been
suggested to thrive in well oxygenated and low organic matter environments ([23,75] and
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reference therein). The deep infaunal Globobulimina species has been identified within
ORG2 at the Alano section where markedly hypoxic conditions were inferred [9].

5.2. Middle Eocene Planktic Foraminiferal Paleoecology

Trophic and life strategies inferred for Eocene taxa derive from several studies based
on large data set obtained from diverse latitudes, biogeographic distribution, environmen-
tal preferences as extensively discussed in numerous papers (e.g., [18,61] and reference
therein]), thus planktic foraminiferal paleoecology is rather well known. The stable isotope
data available for most of species and genera allow us to decipher their habitat in the water
column and whether they were symbiont-bearing or not. Therefore, the compositional and
abundance changes of the planktonic foraminifera assemblages across the MECO interval
from the Baskil section allow us to interpret the environmental modifications recorded.

The genera Acarinina and Morozovella were mixed-layer taxa that dominated the trop-
ical and subtropical assemblages in late Paleocene to middle Eocene (with Morozovella
preceding Morozovelloides) and became extinct close to the Bartonian/Priabonian boundary
(e.g., [79]). Even though photosymbionts are not preserved in the fossil record, indirect
evidence for their presence in planktic foraminifera of the past can be deciphered through
the stable isotope composition of differently sized specimens (e.g., [62,80–88]). In fact,
larger specimens support greater dinoflagellate symbiont density and enhanced photo-
synthetic activity remove preferentially the lighter 12C isotope during photosynthesis,
leaving adjacent water enriched in 13C, thus δ13C signature is higher with increasing test
size (e.g., [89]). Such a relationship has provided supporting evidence of photosymbi-
otic activity in Morozovelloides and Acarinina (e.g., [87,90,91]). By contrast, the absence
of test size–δ13C gradients in Subbotina specimens is consistent with asymbiotic ecology
(e.g., [61,62,84,92–94]). The differences in the mean δ13C values for Morozovelloides and
Acarinina with respect to Subbotina give evidence for different depth habitats. The relatively
high δ13C values for the two former genera suggest a mixed-layer habitat, while relatively
low δ13C values for the latter suggest a thermocline habitat (e.g., [61,95,96] and references
therein). We kept specimens of Subbotina senni separate from other subbotinids, because
this taxon likely occupied a different habitat [61,62,92,95]. Specifically, S. senni is considered
a mixed-layer form that sank to middle mixed-layer or deeper depths during gametogen-
esis (e.g., [61,62,92]). Turborotaliids display stable isotope signatures compatible with a
sub-surface, possibly upper thermocline habitat (e.g., [92]), whereas Paragloborotalia, Catap-
sydrax, Globorotaloides and Turborotalita carcoselleensis are considered as deep thermocline
dwellers (e.g., [61,92]).

Globigerinatheka is a symbiont-bearing mixed layer dweller [62,92,97], but stable iso-
tope values commonly indicate calcification in deeper waters [74,98–101] suggesting that
the genus had late-stage calcification, with CaCO3 crusts forming deeper in the water
column [92,100]. The Globigerinatheka isotope records thus reflect conditions between the
mixed layer and the thermocline [95,98,99], as also indicated by boron isotope data [102].
The genus Hantkenina is recognized as having inhabited the Oxygen Minimum Zone
(OMZ) [61,103].

The general inferred stable isotope paleobiology and distribution of the biserial Chi-
loguembelina ascribe it as low-oxygen tolerant, meso- to eutrophic thermocline dweller
thriving in stressed environmental conditions; Pseudohastigerina as well is known as oppor-
tunist taxon (e.g., [18,94,104–107]).

However, even though we are fairly well informed on middle Eocene planktic foraminifera
ecology, the interpretation of changes in assemblages is not always straightforward due
to the multiple factors influencing their successful or decline in marine environment. The
knowledge of geochemical, benthic foraminiferal and calcareous nannofossil variations
besides the planktic foraminiferal record can drive us to reconstruct a more convincing
environmental scenario.
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5.3. Middle Eocene Calcareous Nannofossil Paleoecology

The ecological preferences of the middle Eocene calcareous nannofossils are not defini-
tively known and sometimes contrasting interpretations are given also on the basis that a
species/genus can change behaviour through time or privilege only one environmental
factor. We list below the selected interpretations. Even though the calcareous nanno-
fossil changes in abundance may be sometimes of complex interpretation, our results
can shed light on the ecological preferences when environmental conditions are clearly
established on the basis of geochemical evidence which highlights the main ecological
controlling factors.

The species Dictyococcites scrippsae and D. bisectus have been considered adapted
to warm and eutrophic waters [108–111] whereas Cribrocentrum reticulatum is viewed
as a temperate [112,113] and oligotrophic taxon [110,113]. The species R. dictyoda and
R. umbilicus have affinity to eutrophic temperate water as suggested by [110]. The genus
Sphenolithus seems better adapted to oligotrophic and warm-water conditions [114–119].
Following Toffanin et al. (2011), we regard Coccolithus floridanus as a meso-oligotrophic
index. Likewise, also Lanternithus minutus and Zygrhablithus bijugatus have been considered
as better adapted to oligotrophic waters [114,115,117,120,121].

Finally, the ecological affinities of the genus Discoaster are well-established because it
is commonly recognized as a warm and oligotrophic index [108,110,116,118,122,123].

5.4. Pre-MECO Phase (120–142 m): Stratified Water Column and Oligotrophic Conditions

The pre-MECO phase corresponds to the interval preceding the warming trend as
documented by the oxygen stable isotopes (Figure 2). Benthic foraminiferal assemblages
are characterized by high values of P/B, C/A, and diversity, and relatively low values
of bi-triserial group (Figure 3). The relatively high abundance of the epifaunal group
(~35%) likely suggests a low to moderate, flux of organic matter to the seafloor. This is also
supported by the highest abundance of the epifaunal and oligotrophic indicator Nuttallides
(i.e., N. truempyi and N. umbonifera) species (Figure 4, Table S1). The sea floor records
well oxygenated conditions as indicated by the high diversity and by the abundance of
Nuttallides truempyi (Figure 4, Table S1).

Planktic foraminiferal assemblages are well diversified in this interval (Figure 5).
This indicates the occurrence of a stratified upper water column with all ecological niches
occupied. Mixed-layer dwellers (Acarinina, Morozovelloides, Globigerinatheka), thermocline
dwellers (Subbotina, Parasubbotina, Catapsydrax, Paragloborotalia,) and shallow sub-surface
dwellers (intermediate between mixed-layer and thermocline) Turborotalia are in fact
present. Planktic foraminiferal assemblages suggest oligotrophic surface-water because
they contain abundant oligotrophic indices such as the symbiont-bearing large Acarinina
(dominant), Morozovelloides and Globigerinatheka. A relatively expanded Oxygen Minimum
Zone (OMZ) is suggested by the occurrence, though with low abundance, of Hantkenina.
Oligotrophic conditions within the photic zone are also supported by relatively abundant
Sphenolithus, L. minutus, Z. bijugatus, generally considered as oligotrophic indices (Figure 6).

In Figure 7, the statistical analysis highlights prevailing oligotrophic conditions both
along the water column and at the seafloor. It also suggests overall cooler conditions and
the absence of carbonate dissolution.

5.5. The Initial MECO Phase (142–155 m): Rising of Mesotrophic Conditions

During the INITIAL MECO Phase, which corresponds to the initial warming trend,
as indicated by the δ18O curves (Figure 2), the variations in all the groups analyzed
record the surface water temperature increase and a shift towards mesotrophic conditions
throughout the water column. This is possibly related to the enhanced hydrological cycle
and terrigenous flux as documented by geochemical proxies [32].

Benthic foraminiferal assemblages are characterized by a slight increase in bi-triserial
taxa and E/I values and decrease of diversity (Figure 3). Although the increase in E/I
values might suggest an overall decrease, in terms of quantity, of nutrient supply in
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the bottom, the increase in bi-triserial forms likely points to a change in the quality of
organic matter (i.e., more labile) reaching the seafloor. This might also be expressed by the
slight divergence of the δ13C curve of the Cibicidoides from those of the planktic genera of
foraminifera in this interval.

Similar findings were reported for the initial phase of MECO at Alano section and
interpreted as a shift from more oligotrophic to fully mesotrophic conditions [9]. The
drastic decrease of Nuttalides and increase in Uvigerina spp. (Figure 4) at the Baskil sec-
tion in this phase might suggest a reduction in oxygen availability at the sea floor. The
decrease in the P/B, C/A and diversity indices (Figure 3) can be related with increase
of carbonate dissolution.

A major change is recorded within planktic foraminiferal assemblages as the large
Acarinina markedly decreased in abundance within this phase (Figure 5). Although this
group is a warm index that should benefit of the warming increase, the drop in abundance
is likely related to the arising mesotrophic conditions. This new trophic state may explain
the apparently contradictory increase in abundance of the cold eutrophic index Subbotina.

Calcareous nannofossils assemblages record increase in abundance of the eutrophic
taxa, namely C. pelagicus, Reticulofenestra, R. umbilicus and Helicosphaera and a concurrent
decrease of the oligotrophic ones (i.e., Sphenolithus and Z. bijugatus) (Figure 6) thus con-
firming the transition towards mesotrophic conditions. These conditions are even more
intensified in the upper part of this phase as suggested by the peak of the eutrophic D.
scrippsae. The high abundance of the oligotrophic warm index Discoaster in this phase can
be explained with a major sensitivity to the temperature increase of this genus.

The statistical analysis shown in Figure 7 clearly demonstrate as our biotic proxies
reflect an increase in temperature along the water column, the transition to a mesotrophic
state of surface water and a change in the quality of organic matter (i.e., more labile)
reaching the seafloor.

5.6. The MECO CIE Phase (155–167 m): Enhanced Eutrophic Conditions

This phase corresponds to the main negative excursion of δ13C that is coupled with
prominent rise in paleotemperatures (Figure 2). The MECO CIE phase is marked by a
further increase in bi-triserial benthic foraminifera and a slight reduction in the E/I values
(Figure 3). Such changes can be ascribed to enhanced organic matter availability to the
seafloor both in terms of quantity and quality and a possible lowering of oxygen availability
at the seafloor, as indicated by lowest values of Nuttalides spp. together with two peaks
of Lenticulina spp. (Figure 4). This evidence agrees with a more stratified water column
and consequent more efficient biological pump, as suggested by lower δ13C and higher
difference in δ18O values between deep and surface dwelling planktic foraminifera [3].
This interval also shows a further decrease of C/A values that would reflect enhanced
carbonate dissolution at the sea floor [31] (Figure 3).

Planktic foraminiferal assemblages are characterized by a further decrease of large
Acarinina and an increase of Subbotina. Change in salinity and increase eutrophic conditions
related to freshwater input due to enhanced hydrological cycle could have negatively
impacted the habitat of the specialized, oligotrophic mixed-layer dwellers acarininids.
On the contrary, the eutrophic genus Subbotina may have benefitted by high delivery of
food to the thermocline, and this could explain the apparent inconsistency of increase
in this cold index. The enhanced hydrological cycle during this warm phase is recorded
in the Baskil section through the mineralogical and sedimentological records indicating
increasing the nutrient flux from land [32]. Even tough, as an effect of temperature and
consumer starvation, the remineralization of organic matter in the water column may
have been higher [124–127], as has been argued for the PETM [128], the nutrient supply at
Baskil proved to have been great enough to reach the thermocline habitat of subbotinids
and partially the seafloor. A remark concerns the short-term fluctuations in abundance
of the planktic foraminiferal genera analyzed. As expected, the transient fluctuations
in abundance of the warm indices Morozovelloides and acarininids that shared the same
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mixed-layer habitats are generally in phase whereas their fluctuations are out of phase
with those of the thermocline cold index Subbotina (Figure 5). The short-term oscillations in
abundance of the warm-index symbiont-bearing mixed-layer dweller Globigerinatheka are
out of phase with those of subbotinids, as expected, but also with those of acarininids and
Morozovelloides. A possible competition within the mixed-layer can explain the observed
record. Alternatively, different ecological conditions between the upper mixed-layer,
inhabited by acarininids and Morozovelloides, and the deeper mixed-layer or uppermost
thermocline, possibly inhabited by Globigerinatheka in its later stage of life, can justify its
variation in abundance out-of-phase with respect to acarininids and Morozovelloides.

Among the calcareous nannofossil assemblages, the high relative abundance of
D. scrippsae, already recorded in the upper part of the previous phase, may be the con-
sequence of eutrophic conditions triggered by the great availability of nutrients. Warm
and eutrophic conditions could have also stimulated the first common and continuous
occurrence of D. bisectus that was only sporadically detected during the time interval
below the MECO and recorded as more common at middle latitudes [108,129]. Although
the species Cribrocentrum reticulatum has been considered a temperate and oligotrophic
taxon, the increasing trend in abundance observed during this phase in the Baskil section,
suggests that this species could have been adapted to eutrophic conditions.

The statistical analysis shown clearly sum up the environmental changes occurred
during this phase such as increased temperature and fertility due to enhanced nutrient
availability both in surface water and at the sea floor. The DCA2 curve of calcareous
nannofossil indicators of fertility only partially displays the increasing trend due to the
lower sampling resolution in this phase (Figure 7).

5.7. The MECO Warming Peak Phase (167–173 m): Maximum of Surface-Water Nutrients
and Dissolution

The most striking biotic changes occurred, as expected, at the MECO WARMING
PEAK marking the highest carbonate dissolution interval (Figures 2 and 3).

The benthic foraminiferal assemblages record the lowest P/B, C/A and diversity
values and the highest FI, bi-triserial forms and E/I values (Figure 3). These data reflect
the peak of carbonate dissolution at the sea-floor as evidenced by a poor preservation state
of foraminiferal tests and their fragmentation. This is also supported by the increase of ag-
glutinated forms that are less prone to dissolution compared to the calcareous counterpart.
In this interval, a marked increase in Cibicidoides spp. is observed (Figure 4). Increasing
value of Cibicidoides spp. has been also documented during the most acute phase of MECO
at Alano section and related to its higher resistant capability to dissolution being heavily
calcified [9]. On the basis of the E/I and bi-triserial values, this interval likely denotes a
decrease in the quantity of organic matter reaching the seafloor but likely an increase in its
quality (i.e., labile).

Planktic foraminifera variations include the virtual disappearance of the oligotrophic
planktic foraminiferal large Acarinina and Morozovelloides, and peak in eutrophic deep
dwellers Subbotina (Figure 5). The striking reduction in abundance of large Acarinina
and Morozovelloides can be explained through diverse factors. The first explanation of the
observed ‘eclipse’, if not related to dissolution (see below), can be related to increased
surface-water trophism that may have caused a reduction of the ecological niches in the
mixed-layer thus excluding the meso-oligotrophic assemblages. Nevertheless, the marked
temperature increase could have temporarily caused the loss of algal symbiont relationship
(bleaching), as recorded by [20] at the MECO peak from ODP sites 748 and 1051 (Southern
Ocean and mid-latitude North Atlantic) for the genus Acarinina, even though pH reduction
and nutrient availability may also have played a role in the recorded bleaching [20]. We
cannot however exclude that the high dissolution recorded in this interval might have
differentially affected the large Acarinina and Morozovelloides, thus suggesting a second
possible explanation. Petrizzo et al. [130] designate the cold deep-dwelling Subbotina as
the most dissolution-susceptible taxon with respect to the muricate warm surface-dwellers
Morozovella and Acarinina, as the results from analysis of the single fragments at the equato-
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rial Pacific Ocean assemblages (latest Paleocene to initial middle Eocene). Therefore, any
Paleogene assemblages affected by extensive dissolution are expected to be impoverished
in the most dissolution-susceptible subbotinids. In contrast, at the Alano section, the
intervals with the highest fragmentation index display the largest relative percentages of
subbotinids [18]. It is, therefore, possible that middle Eocene species of Subbotina here
investigated were more robust forms and less prone to dissolution than the older ones in-
vestigated by [130]. The peak in abundance of cold-indices subbotinids can be read as their
primary response to the trophic level rather than a response to temperature, as inferred for
the previous MECO phases. Their increase in abundance is recorded even in the preceding
intervals, where dissolution was lower. This evidence points towards a minor influence
of dissolution thus suggesting that dissolution probably only exacerbated the original
planktic foraminiferal response to the MECO peak. In this regard, the marked reduction in
Globigerinatheka, that has robust shell thus potentially dissolution-resistant, is likely related
to the environmental MECO perturbation rather than to dissolution effects. The record of
planktic foraminiferal assemblages from the Alano section [18] shows a similar decline in
large Acarinina and Morozovelloides and increase of subbotinids. However, in the Alano
section the strong increase of opportunist taxa (i.e., Pseudohastigerina, chiloguembelinids,
Jenkinsina) indicates a much more stressed and extremely eutrophic environment with
respect to Baskil [18].

Calcareous nannofossil variations likely derive in this phase from a combined result
of the warming peak, as indicted by increase of C. pelagicus, C. reticulatum, E. formosa,
Discoaster, Sphenolithus and by the highest eutrophic state that induced increased abun-
dance of Helicosphaera and C. pelagicus. The reduction of the eutrophic C. floridanus and
D. scrippsae could be explained by a more sensitivity of these species to enhanced carbonate
dissolution [131] (Figure 6).

The peak of nutrient to the sea floor and upper water column fertility is coupled to the
record by the calcareous plankton of the maximum temperature (Figure 7). In this interval,
the interpretation of DCA 1 and 2 of the benthic foraminiferal assemblages is complex
and made difficult by the dissolution that had altered the original benthic foraminiferal
assemblage composition.

5.8. The Post-MECO Phase (173–201 m): Partial Recovery of the Pre-Event Conditions

This phase, which corresponds to the δ18O values recovery, shows a recovery in
the benthic foraminiferal assemblages marked by an increase in P/B and C/A values
that can be ascribed to the end of the dissolution phase (Figure 3). This interval is also
characterized by a marked reduction of the E/I and bi-triserial forms and would therefore
reflect higher availability of organic matter but likely refractory in origin (Figure 3). The
final part of the post-MECO interval (i.e., 181–201 m) exhibits some peculiar feature such
as the occurrence of radiolarians with a peak in abundance from 183 to 185.5 m that can
suggest a transient increase of eutrophic conditions (e.g., [132]). Interestingly, the benthic
foraminiferal assemblages around 188–190 m record the lowest value of P/B, C/A and
diversity. In this short interval, the lowest value of bi-triserial forms is associated to
relatively high value of E/I.

The planktic foraminiferal assemblages shows a major long-term change as large
Acarinina and Morozovelloides do not recover their abundance in this phase that should
record the recovery, at least in part, of the pre-event conditions (Figure 5). The results
from the Baskil section emphasize that a first abrupt decline in abundance of the large
acarininids and morozovellids took place well before their evolutionary extinction level
occurred at the Bartonian–Priabonian boundary. Our data confirm other records from
Tethyan sections of northern Italy [18,19] and tropical Atlantic [20]. Although test size–δ13C
gradients are not available from the Tethyan/Neo-Tethyan successions, the permanent loss
of algal photosymbiont-relationship does not appear as the main cause of the permanent
reduction in abundance of these groups. On the other hand, the bleaching recorded by [20]
revealed to be a transient episode because the symbiotic relationship was recovered after
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the MECO peak. The causes of this persisting decline in abundance are not yet established,
however, a link to the climatic change and paleoceanographic variations that occurred
during the MECO or just following it seems implied. The irreversible return towards
cooling conditions after the MECO that culminated with the onset of icehouse condition
at the Eocene-Oligocene boundary may have played a role, taking in account that both
large acarininids and Morozovelloides were warm-indices. This evidence might explain the
decline at the tropical Atlantic and Tethys successions. Possibly local/regional conditions
at the Baskil geological setting induced an earlier large acarininids decline in abundance
at the MECO beginning. The Baskil section deposited in relatively restricted hemipelagic
conditions [33]. The increased sedimentation rates indicate enhanced hydrological cycle in
a warmer and more humid climate on land since the beginning of the MECO as it is proved
also by increase in smectite/illite ratios, terrigenous elements (e.g., Fe, Ti and Al) [32]. The
Neo-Tethys in the middle Eocene was a narrow basin with a complex topography, similar
to the Mediterranean Sea [133]. Therefore, the continental runoff delivered significant
amounts of light carbon and fresh water [3]. Change in salinity and increase trophism
related to freshwater input could have negatively impacted the habitat of the specialized,
oligotrophic mixed-layer dwellers, such as large acarininids and Morozovelloides during
the MECO at Baskil. Afterwards, their permanent decline may have been driven by global
climatic and paleoceanographic variations. Even though the mixed-layer was deprived of
these two groups, the upper water-column appears still stratified during the MECO and
afterward. It is possible that the increase of Subbotina senni might be explained, at least in
part, with its colonizing the ecological niches released by acarininids. Similar behaviour
may have been adopted by Globigerinatheka. As expected, the thermocline dweller, cold-
indices Subbotina and Globorotaloides increase in abundance in the post-MECO interval
when temperature decreased suggesting that in this phase these genera mainly benefit of
the cooler temperatures.

The calcareous nannofossil record in this phase appears once more controlled both
by the temperature and trophic state. In fact, the warm indices Sphenolithus, C. reticulatum
and Discoaster show a reduction in abundance, compatible with the cooling trend, even
though only a moderate increase of the cold index Chiasmolithus is recorded (Figure 6). The
increase of the warm but also eutrophic indices C. pelagicus/C. eopelagicus, E. formosa and
D. scrippsae can be ascribed to persisting, although fluctuating, eutrophic conditions. The
occurrence of eutrophic radiolarians possibly linked to input of nutrients related to the
turbidites in this interval suggests that transient eutrophic phases interrupted the recovery
of meso-oligotrophic conditions in the photic zone.

The aforementioned environmental variations occurred in Baskil in the post-MECO
phase are well expressed by the statistical analysis (Figure 7) that shows the dissolu-
tion decrease and the response of calcareous plankton to the decreasing temperature but
still highlights pulses of high fertility as recorded by calcareous nannofossils. Benthic
foraminifera document higher availability of organic matter but likely refractory in origin.

6. Summary and Conclusions

We here provide the results of the integrated high-resolution analysis of changes
in benthic foraminifera and calcareous plankton assemblages across the MECO event
from the Neo-Tethyan Baskil section. The combinations of these records integrated with
geochemical variations and supported by a statistical approach (detrended correspondence
analyses, DCA) allows us to outline five phases of the main environmental scenarios
across the interval investigated (Figure 7). The pre-MECO phase, when prevailed cooler
conditions, was characterized by a well-stratified water column and oligotrophic state
throughout the water column. During the INITIAL MECO phase variations in all the
analyzed groups record a temperature increase as sustained by a negative δ18O shift. A
change towards mesotrophic conditions occurred in this phase, possibly related to the
enhanced hydrological cycle and terrigenous flux as documented by geochemical and
mineralogical proxies. Changes in benthic foraminifera and diversity indices point to an
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increased dissolution at the sea floor. The variations in geochemical proxies and biotic
changes across the MECO CIE phase testify persistent high surface water temperature
and the establishment of eutrophic conditions throughout the water column. The seafloor
was characterized by enhanced organic matter availability both in terms of quantity and
quality and a possible lowering of oxygen availability. This interval also shows a further
decrease of C/A values that reflect enhanced carbonate dissolution. The MECO WARMING
PEAK interval is marked by the most striking biotic changes that record a response to the
warming and to eutrophication as testified by peak in abundance of the warm and eutrophic
nannofossils indices, virtual disappearance of the oligotrophic planktic foraminifera and
peak in eutrophic deep dwellers taxa. On the basis of the E/I and bi-triserial benthic
foraminiferal values, this interval likely denotes a decrease in the quantity of organic
matter reaching the seafloor but likely an increase in its quality (i.e., labile). This phase
also reflects peak in carbonate dissolution that may have amplified the original planktic
foraminiferal response. During the gradual recovery of oxygen stable isotope values
towards the pre-event record, the post-MECO phase highlights only a partial return to the
pre-event mesotrophic conditions. Actually, our biotic data demonstrate that the entire
water column remained somehow affected by the MECO conditions, possibly due to the
combined effect of local factors and global climate. This is suggested by a slight return to
more proportionated percentages of oligo- and eutrophic calcareous nannofossils indices.
However, transient eutrophic conditions are testified by calcareous nannofossil eutrophic
taxa that show peaks in abundance at the top of this interval. This is possibly related
to nutrients input associated to the resedimented levels occurring in this phase. The
occurrence of the eutrophic radiolarians confirms the fluctuating eutrophic state. Planktic
foraminiferal assemblages became relatively more diversified though dominated by cold
eutrophic thermocline dwellers. The results from the Baskil section emphasize that a first
abrupt permanent decline in abundance of the large acarininids and morozovellids took
place well before their evolutionary extinction level occurring at the Bartonian/Priabonian
boundary. Our data agree with other records from Tethyan sections of northern Italy
and tropical Atlantic. A recovery during the post-MECO phase is recorded by benthic
foraminiferal assemblages and indices. Specifically, a general reduction of the E/I and
bi-triserial forms reflect higher availability of organic matter onto the sea floor but likely
refractory in origin, whereas overall increased P/B and C/A values mark the end of the
dissolution phase. In conclusion, the proposed scenarios reveal how paleoenvironment and
marine biota from the studied Neo-Tethyan setting reacted to the global MECO perturbation
recording transient and permanent changes and show more evidence on the still enigmatic
MECO event.
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